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@ Application of tetratMafulvatana* In bJoelectrochemleal proeaaaee, 

/S) Bloelectrcchemlcal prooeaaea uaa tatrathlafutvaJenaa 
CTTF) aa a mad (at or of electron tranafar between biological 
cystoma and aleetrodee. Typlcalty It finds uae In Ofoelectro- 
chemfcaJ aaaaya. e.g. involving gfucoee oxldaae mediated 
oxidation of giuooae. The TTF may be ImmobUIaeO on the 
electrode eurfaca. aa may one or mora aruytnae Involved in ttie 
prooeea. 
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Description 

APPLICATION OF TETHATHIAFULVALENES IN BIQELECTROCHEMICAL PROCESSES 
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Held of the Invention 

The present invention relates to the use of tetrathiafutvaJene (TTF) 



0<y 
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and Its derivatives as mediator molecule* In the transfer of electrons between redox systems and electrodes In 
bloeleotrochemlcaJ processes. Such processes may be for example btoetectrochemleeJ assay procedures, 
biological fuel ceils and btoslectrosynthesJa of chemicals. 

Background to the invention 

Tha electrochemistry of oxldoreductAses has received considerable attention tn relation to applications In 
enzyme etecfrodeefl-4). Many of the aame considerations apply to their uae In Immunoassay and other 
enzyme-labelled assays e.g, DNA and RNA probe assays. In particular, highly efficient coupling of enzymlc 
activity to tha electrochemical detector fe essential for sensitive and rapid assays. A number of approaches for 
tha realisation of electron transfer from biological systems to arn perimetric electrodes have been described, 
but arguably the most effective Is the use of low molecular weight mediators to shuttle electrons between tha 
catalyst and an electrode. Various mediators that have been reports'* for use In enzyme electrodes, such as 
farrlcyanldeff), tetnicyaric^>^uJnc<Ur^ ferracene(?~*> could sieo be useful In Immuriosensors. 



Med 



30 



35 



40 



4S 



Electrode 



o 
O 




Glucose 



Gluconate 



Immobilised antibody 

Antigen 
Oxldoreductaso 



$o 



Med - Mediator 



€5 



60 



Mediated enzyme-finked Immunoassay. In which a GOD label was monitored using a ferrocene derivative, 
wee first reported in (885(10). a more elegant possibility is the use of the mediator molecule as a label. Weber at 
alflO produced a conjugate of morphine and ferrocene carboxyUe acid. They showed that the electrochemical 
oxidation of tha ferrocene label was reduced when morphine antibody bound the conjugate and used thla 
principle In a displacement assay for codeine (flee (a) below). Since the key to practical oxfdoreductesa 
electrochemistry fs the availability of a mediator such as ferrocene. It was apparent that this principle could be 
used to trigger an efectrochemfcaJty coupled enzyme-catalysed reaction (see (b) below). 
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The effective recycling of the ferrocene by GOD results In a further amplification of the 9ignaJ over 
electrochemical noise due to electroactJve substances present In the sample. 

Electrochemical ly coupled enzyme reactions may also be activated by providing missing cofactorv or 
coenzymesO*), Qulnoproteln dehydrogenases could prove particularly valuable In this reapect. 

An immunoassay for prostatic acid phosphatase (PAP), a pros tate tumor marker from human serum, which 
relies on enzyme amplification Is shown belowdS). 
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The catalytic activity of the enzyme label (alkaline phosphatase) used In a sandwich assay (a monitored by 
the addition of the substrate NADP+ leading to the formation of the dephoaphoryiated product NAD*. The 
NAD+ formed enters a redox cycte Involving the enzymes alcohol dehydrogenase end dlaphorase leading to 60 
the reduction of a mediator (ferrfcyanfde). Electrons from the NAD+/NAOH redox cycle passed via the 
dlaphorase to the Fein(CN)«/Peu(CN)« couple. Th reduced specie F*u{CH)§ was reoxldfsed at a platinum 
electrode at 460 mV versus a saturated calomel electrode producing en emperometrle response. 

Similar principles may be applied to ther affinity reactions such as ONA and RNA prob assays* 

AmD»rom*+rln tnaym. mim*ttrr***mm Hwv* b*«n tn^mm»t 9 m%^ (n wMoh m« fflWMO had ft QOnCUCltW SUrTBCS 6S 
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comprising an organic solid with metai-ilke electrical conductivity ("organic m«tai"). These substance* era 
formed as charge-transfer complexes between an electron donor molecule and an afectron acceptor 
molecule. The principal Investigations have bean with 7 J3.a-tetracyenoc;ulnodlmethane (TCNQ) ad electron 
accepted and N-mathyl-phanazinium (NMP) as electron donor, but the posalbfllty of TTF+ TCNQ- complex** 
has also been considered!"). However, the present Invention Is dealing with the use of TTF In a different 
context; uneomplaxad. as a mediator of electron transfer. 

Summary of the Invention 

According to one aspect of the present Invention there Is provided a bioelectrochemlcaJ process Involving 
electron transfer between a redox system and an electrode, characterised In thai said electron transfer Is 
mediated by a totmthlafufveiene. not being an "organic metal* complex. The TTF Is preferably deposited on the 
electrode, but may be si solution. An oxldoreductasa enzyme may be immobilised on the electrode The 
Invention also Includes assay procedures Incorporating such processes, and TTF-modWed electrodes for use 
In the processed. 



Brief description of the drawings 
Further features of the Invention wfll be described with reference to the accompanying drawings, wherein; 
Fig J shows a diagrammatic cross-sectional side view of an electrode ; 

Fig.2 Is a graph showing currant potential response of a TTF-modffled glucose oxidase electrode; 
20 Fig .3 is a graph ahowtng a calibration curve of steady state current versus glucose concentration for a 

TTF-modifted glucose oxidase electrode; 

F(qA Is a graph showing a pH profile of the TTF-modffled glucose oxidase electrode; 
FIg.5 Is a graph showing temperature response of the TTF-modrned gkjooae oxidase electrode; 
F-Tg.6 fs a graph ahowfng the effect of nitrogen and oxygen saturation on the anodic currant of a typical 
2* TTF-modffied glucose oxidase electrode, at saturating glucose concentration ; 

Flg.7 is a graph showing the decay of a typical TTF-modmed glucose oxidase electrode at aaturattna 
glucose concentration; 

Flfl.8 shows a calibration curve of a membrane-antrapped glucose dehydrogenase TTF-modmed 
electrode; 

so Ftg.9 shows a linear sweep vottammogram of sofubiffsed TTF and glucose with (curve A) and without 

(curve B) glucose oxidase; and 

^Rg.10 Is a graph showing a calibration curve of steady state current versus glucose concentration for a 
TTF-modffled electrode on which GOD has bean Immobilised by an Improved procedure. 

SS Detailed description 

Construction of Electrode 

A) As shown In Fig J an electrode 10 is constructed from a 6.0 mm diameter graphite foil disc 12 which Is 

ff m SL ted i° 3 *° m lenflth pr0CUt aodA wt**s tube 18, 7 JO mm In diameter, using epoxy resin 
40 (Araldfte - Trade Name). The reafn la allowed to harden for 20 minutes at 100*C. A 6 cm length of Insulated 

wirels attached to the back of the graphite foil 12 with silver loaded epoxy resin W (Araldtte) and left to set 
for 20 minutes at 100* O* 

B) K> mg of TTF (FUJKA) were added to I ml of acetone and snowed to dissolve. The electrode 10 waa 
placed In this solution and left at 30* C for two hours. After this time the electrode was removed and left to 

45 ear dry foe 60 minutes at room temperature. 

C) The electrode 10 was transferred to a solution of 20 mg/m/ I-cycIohexy{-a(2-morphoirnoethy<) 
cerbodnmlde metho-p-toluene eulphonate (Sigma Chemical Company) In 0-5 M citrate buffer pH 5,5 for 90 
minutes at room temperature. This Is a btfuncttonaJ Ugand to aid Immobilisation of the enzyme on the 
electrode through covalent bonding between carboxyl and amino groups- The electrode was rinsed 

SO thoroughly In distilled water before being placed in 25 mg/ml glucose oxidase solution (EC LISA, Sturge 

Biochemlceia) In 20 mM carbonate buffer pH 9*5 at room temperature tor 60 minutes. The electrode was 
rinsed In 20 mM phosphate buffer pH 7 and was ready to use. 
The results given below are derived from averaging the output of Ave electrodes constructed and prepared 
as above. The output of the different electrodes can vary conalderably and wfll depend to some extant on the 
ss surface area. However, careful construction can Increase the consistency between electrodes. 

Apparatus 

£ ?* na0r * ware operated ualng a BBC 32K microcomputer via a programmable biosensor tnterfaca 
_ ^^V" "* ' england)iu») ThU system utilised a Ag/Agd reference electrode. A three electrode 
60 ^f 0 "^ 0 " *^* mptov « d tw «PSrature profile and current potential curve determination. A 
SS^wIre! * , * Ctr0d9 *** ^ ** * reference and the auxiliary electrode was 0M mm diameter 

^^^^^JTST^ ^JH' ? ^ r 20 mM phosphate buffer pH 7 J)), contained in a 20 mf 

gtosa water-Jacketed cen thermostatted at 25 ± o^C Unless stated otherwise. th» ~A-o~ ^ *t 
2°° ™ v v«r»u« Ag/Agci or BO mV versus saturated eajomet electrode. 
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Buffers and Reagents 
The standard buffer was 20 mM sodium phosphate pH 7,0 containing 0.1 M KCI. 
Tha buffers used for tha pM profits contained 0.1 M KCI and ware as follows: 
pH 4.0, 20 mM citric acid*Na2 HPO* 
pH 4.4, ao mM citric acfd-Naz HPO4 
pH 6.0, 20 mM citric acld-Na 2 HPO« 
pH 5.8, 20 mM sodium phosphate 
pH 6.3, 20 mM sodium phosphate 
pH 7 A 20 mM sodium phosphate 
pH 7£. 20 mM sodium phosphate 
pH 6.0, 20 mM sodium phosphate 
pH 9.4, 20 mM sodium carbonate 

Buffer* used in the three electrode system lacked OJ M KCI Glucose was Introduced Into the system by 
injection of known volumns of 1.0 M D-glucose which had bean stored overnight to «JIow equilibration of a- and 
p-anomere. Ail chemical* were of analytical grade. 

* 

Calibration of the Enzyme Electrode 

The currant voltage response obtained for the TTF modified glucose oxidase (GOD) electrodes la shown In 
Fig .2. This was obtained by subtracting the currents grven by the electrode In the absence of glucose from 
currents given by tha electrodes in the presence of glucose, at vartoua operating potentials. The plateau 
region from 220 to 400 mV concurs with othar unreported data obtained from direct current cyclic voltammetry 
of TTF. It was at potentials near the lower end of this region that the electrodes were operated, thus mlnlmlaing 
the effect of amall fluctuations In the reference potential, whllat aiao minimising the amount of 
enzyme-Independent oxidation of redox species present in samples. Control electrodes lacking TTF or GOD 
gave no current in response to glucose. 

Tha electrodes gave a linear steady-state current response In the range 0 to 25 mM (FIg.3). Above 25 mM 
the calibration curve became nonlinear saturating at 70 mM glucose. Thla was conalatent with previous 
results using ferrocene^ and was considered to be a reflection of the Inherent enzyme kinetics of the 
Immobilised glucose oxidase under theae conditions. The responee of the electrode to glucose was rapid; the 
olectrodes typically took 3 to 5 minutes to reach a steady-state current, 904fa of this response being achieved 
60 to 90 seconds after the glucose addition. The standard deviation error bars shown In Flg.3 for 
measurements from five different electrodes Indicate the reproducibility afforded by thle simple fabrication 
technique. 

pH Profile of Enzyme Electrodes 

The effect of pH on the anodic current of the electrode was investigated over the range, pH 4.0 to 9.4 (Rg.4) . 
The data In Flg.4 is expressed aa a percentage of the current at pH 7.5 to reduce the error between electrodes 
of different Initial activity. The electrodes demonstiated an optimum at pH 7£. This result Is In agreement with 
data published for the use of gfucose oxidase with other artificial electron ecoeptoraO&iS), compared to the pH 
optimum of 5.5 to 5.7 when oxygen la the electron acceptortm. TTF replaces oxygen In the native reaction, this 
greatly reducing the production of hydrogen peroxide. This results In an excess of protons In close proximity 
to the enzyme making the micro-environment of the enzyme become more acidic and producing an apparently 
more baefc pH optimum for the enzyme. The extremes of the pH range gave rise to denaturation of the enzyme 
electrode. 



The Effect of Temperature on the Enzyme Electrode 

The effect of temperature on the electrode was investigated between 4 to 60* C. Rg.5 shows the typical 
Increase of an electrode's steady-state current In response to Increasing temperature, at saturating glucose 
concentrations (80 mM). Within the linear portion of the graph there was an average Increase of L8 uA/ % C. 
Above 35*C the plot ceased Jo be linear due to thermal denaturation of the enzyme electrode. When 
maintained at temperatures above 35 - C the current fell rapidly, this affect being more severe at higher 
temperatures. 

Tha Effect of Oxygen on the Enzyme Electrode 

Rg. 6 is a graph showing the effect of nitrogen and oxygen saturation an the anodic current of a typical 
TTF-modlfted glucose oxidase electrode, at saturating glucose concentration (Glucose — 100 mM). 

Peak currents achieved from the electrodes when operating In oxygen-saturated buffer were 15.1% ± 
5.9S<Wd (n - 5) lower than the peak currants obtained In nitrogen saturated buffer. The electrodes were poised 
at a low potential (200 mV versus Ag/AgCf) and any HaO* produced would not have been oxidised by the 
electrode. The oxygen Interference effect was the result of competition between TTF and oxygen for eleetrona 
from the reduced enzyme, highlighting the need for a mediator to have e high affinity for electrone and fast 
electron transfer kinetics. When the electrodes were operated in air saturated buffer the reduction In current 
due to oxygen In the air was less than SWa. Under normal operating conditions, therefore, oxygen Interference 
would b« neollolbfa. 
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Stability of the electrodes 

Fig.7 Is a graph showing the decay of a typical TTF-modffled glucose oxidate electrode crt eaturatfna aluco** 
concentration (Glucose - 100 mM). w aiucoee 

5 When fresh electrodes were run under saturating glucose concentrations (80 mM) the peak current had a 
half-life of 1.5 to 2 hours- The peak current eventually felt to a steady level after ca. 12 hours. This was not duetts 
consumption of the glucose by glucose oxidase, since further additions of glucose did not gfve rise to higher 
currents. When transferred to fresh buffer containing 80 mM glucose, however, up to 35<Vb of the orioinal 
activity could be regained. When this process was repeated with the same electrodes similar results were 
10 stained. These preconditioned electrodes responded to glucose eddltlons after 20 hours of operation giving 
^f* 0 * (n- 6 ) oftn « original current response. Enzyme electrodes were stored In 20 mM phosphate 
buffer pH 7.0 at 4»C for 5 weeks. After this time the electrodes produced normal responses to additions of 
glucose. The currents achieved mom the electrodes were 2B3Wo * 3.8<Vo (n - 6) of the currents given by fresh 
electrodes, 

rs 

TTF-modrfled Glucose i Dehydrogenase 

The usefulness or i with a ashydrcgenase, qufnoproteln glucose dehydrogenase (EC 1 1.99 J7) was 
studied. This NAD4ndependent glucose dehydrogenase Is of parOcutar interest to biosensor work as oxyaen 
does not play a role In Its native reaction, thus It Is teas susceptible to changes In oxygen tension than glucose 
20 oxidase. v 

The base electrodes were constructed and set up as described previously. A standard dialysis membrane 
was boiled In W*> EDTA for 15 minutes and then thoroughly washed (n purified water. The TTF modified 
electrodes were washed tn 20 mM acetate buffer. pH S-5, and concentrated glucose dehydrogenase Isolated 
from Acmetobacter cateoaetlcua (50 ul) was applted to the surface of the electrode and was retained behind a 
£5 piece of prepared dialysis membrane by a rubber O-ring. Calibration of the electrode was performed as usual 

As shown In Fig. 8, the electrode gave a nnear steady-state current response In the range 0-t0 mM. Above 
this value the calibration curve became non-tfnear saturating at ca. SO mM. Thus, gtucose/TTF wfll readily 
transfer electrons from glucose dehydrogenase. 

30 Tna Use of TTF with L-emlno-edd Oxidase as an L-amlno-ecld sensor 

Preliminary experiments were also performed on an L-emlno acid sensor using TTFas a mediator L-amino 
acid sensors were constructed essentially as described by Olcks et el nil, with the exception that TTF was 
used as an Immobilised mediator In the place of ferrocene. On addition of 500 uj of I M L-glutamIc acid a mean 
Increase In anodic current of 15 uA was observed. These results suggest that L-emlno acid oxidase is 

35 compatible with TTF as a mediator. 

Qectron Transf er from Glucose Oxidase to a Graphite Electrode In Aqueous Solution 

II i- is extreme V Insoluble in water. It Is tftfs property which allows It to be readily entrapped at an electrode 
surface when used In buffered solution. It le f however, sometimes desirable to use mediators m aqueous 

40 solution, for example to Investigate the kinetics of electron transfer from enzymes to mediators or for use In 
electroche mica l enzyme ampMcetfon and labelling systems. 

40 mg of TTF was dissolved In I ml ofTween-20 (Trade Mark). This solution was made up to 100 ml with 20 mM 
sodium phosphate buffer, pH 7.0. A three electrode system as previously described was employed with the 
addition of a potential ramp generator A 5 mm diameter glassy carbon working electrode and a pfatlnum 

4S counter electrode were used, with a saturated calomel electrode as reference. The experiment was performed 
ftt 2 5 c * i5mlor20mM Phosphate buffer, pH 7J5 was placed in to the reaction cell: to this was added 300 ul of 
the TTF solution and 300 ui of I M glucose. linear sweep voftametry (LS.V.) at a eweep rate of 4J& mV/seo was 
then performed. Once thte was complete 300 pi of 20 mg/ml glucose oxidase solution was added and the 
US.V. repealed. 

so As can be seen from Fig. 9 significant electron transfer from the glucose oxidase to the electrode vta TTF 
was achieved. The catalytic peak was observed at ca. 220 versus S.CE. whfch corresponds with the oxidation 
peak of TTF determined by cycflc voitametry. 

Sensor with Improved Enzyme Immobilisation 
55 Owing to the relative Instability of the carbodflmide ImmobiDsad electrodes, the lifetime of the electrodes 
can be Improved with a superior immobilisation method. Glucose oxidase is a gtycoenzyme (containing 
carbohydrate) which offers the opportunity to Hnk enzyme molecules together end to an electrode via its 
carbohydrate chains rather then through amino add residuesiW. 

The base electrodes were constructed as described previously end a three electrode system wee employed 
so exactly as before. 

100 mg of glucoae oxidase (Sturge) (EC was dissolved with K) mg sodUmt-fneta-periodale in 5 ml 200 
mM acetate buffer, pH 5.5 and rtrred overnight In the dark at 4* C The enzyme was desalted using a Sephedex 

(3-25 column (Pharmacia PD-10 prepacked column). The resultant periodste oxidised enzyme was then stored 
at 4* C and was used within 2 weeks. The graphite base electrodes wera immersed in * solution 
65 hincadeeyfamin* in •thwtoJ o m«vmi> tor is mirturo*. Tho oiactrotiee were removed, shaken and allowed to air 
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dry. Tha dry electrodes were then placed In a solution of TTF In acetone (10 me/ml) and left for I hour at room 
temperature, removed, shaken and allowed to air dry. Following thla procedure, the electrode* ware placed 
Into the periodate-oxfdlsed glucose oxidase solution and Incubated at room temperature for 90 minutes. After 
romov&j from the enzyme solution the electrodes were Immediately placed tn a solution of adlplc dlhydrazlde in 
100 mM sodium acetate buffer, pH 5.5 (ZS mg/mf) and left for 30 minutes at room temperature. The electrodes 
were then rinsed In distilled water and ware ready for uae or storage m 20 mM phosphate buffer pH 7^ at 4" C. 

As shown In Fig. 10, the electrodes gave a linear steady-state current response In the range CHS mM glucose! 
Above (6 mM the calibration curve became norHlnear aa the glucose concentration approached electrode 
saturation. The current response of the electrodes was high. The response of the electrode was rapid and 
comparable to that achieved with cartoodflmlde treated electrodes, taking 2-4 minutes to reach steady-state 
currant, 90<Vb of this response being reached In 60-80 seconds. The heJMffe decay of this electrodes* response 
at saturating glucose concentrations (50 mM) was ca. 5.6 hours. This was an Improvement of soma 3 hours 
over the carbodllmlde treated electrodes. This method can be further Improved by the use of perlodate 
oxidised dextran to crocs -link the enzyme with ediplc dihydiuztde. 

Conclusions 

Enzyme electrodes based on TTF exhibited fast electron transfer, low oxygen Interference and a rapid 
response time with reproducible performance between electrodes. The effect of pH agrees with other 
published data regarding glucose oxidase and artificial electron acceptors<we>. The pH optimum, however, 
was more marked than data presented on pH dependence of ferrocene mediated glucose oxidase 
eiectrodests). Preconditioned electrodes were reasonably stable and may be suitable for use In "one-shot* 
teats using disposable electrodes. Short term continuous use would also be possible. 

These results demonstrate that TTF Is a useful and versatile mediator of electron transfer between biological 
systems and electrodes. Biological systems may be enzymes, cell fragments, intact cells, tissues or enzyme 
labelled affinity reactions. TTF derivatives, su ch as mono- or pory-carboxyllc acid derivatives or mono- or 
poly-amlno derivatives, may be preferable to TTF itself In some circumstances; for example In providing 
greater solubility where the TTF Is to be used In solution, or In providing side groups for Unking the TTF 
molecule to the electrode surface, an enzyme, or both. Thus, TTF will be useful m a number of configurations 
which have previousl y be en demonstrated with other mediators. These Include : 

(I) Unking a TTF derivative such as monocarboxyltc acid to an enzyme thus rendering It 
electroohemlcalfy active (ao>; 

(fl) the use of mediators for affinity assays (immunoassay. RNA probes and DNA probes) either as a 
soluble mediator or a derivative which Is cleaved and then takes part In or activates an electrochemical 
reaction; 

(lit) electro chemical applications such as biological fuel cells end bloelectrosynthesls of chemicals. 
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Claim* 



1. A bloelactrochemfcsj process Involving electron transfer between e redox system and an elected* 
characterised in that aald electron tranatar im motfeied by a TiiaiMul^T^^.T-i^-^„ ^ ' 
conduces charge-tnws*^ befn ° ^ e,actrtcaily 

2. A pnocew accenting to cteim I wherein the ta&slfcSaftjtsmfanaSsfciaoJuUon 

3. A process a ccordin g to claim I wherein tha tetrathlefuh/eisne Is deposited on eaid electrode 

* * pro *?** acc0fdlno «^«Von« <* P**e»dlng cJajma whereftt aaid electrode has immobilised on ft 
an oxfdareduotase enzyme that tikes part m aaid prooaaa 

v(a1ia^S^nS^X to ^ 4 '* * ***<^ ^mobilised on tha electrode 

- ^^^^f 00 !^^ *"* 7 th * pr ^ mto ^ s*" 1 * tha procaaa fnvofvss the ozfdatfon 

s^o^S £^e^^ flhi ° 0 - °* W> " * fl,UCC ^ - the oxidation of an 

I' ^ «cconJlng to cm/one of tha preceding claims, 

rea^ton. * ccor * n ato *e*n 7 whereto the process rnm p ri ae a an anzyrna-labatled affinity 

9. Andectmde 1br use In a bfc>eleciroc*erriicai process of cwJm L ssW alactrode comprising a 
conductive surface onto which a tatnrtttafu)vaiene la deposited. y u 

10. An electrode according to damn 9 wherein aaid conductive aurttoe comprises greprtfte 
IL An efectrode according to claim 9 or ciaim 10 wherein the oonductfve surface also ha* an 
oxtdomductaae enzyme frnroobmeod on ft 

J?l? n ^ lQCtro *' «ccoTD^g to claim a wherein the enzyme 4a a oncoprotein and fs Immobilised on the 
conductive surface via Its carbohydrate groups. 

13. An *imeJrvMtmm*mi**«»ft** ***** it ^^-u. w ..^ — ^ — itnriprns. ft plumes *tr H-*"» 
K. A bfoefectrechemlcaj cefl f ncorpormtln g an electrode of any one of ctaUms 9 to O. 
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